We study the structure of SubTropical Mode Water (STMW) within the eastward-flowing Gulf Stream as it forms during strong winter cooling. Shipboard observations using SeaSoar and ADCP reveal that while active mixing by gravitational instabilities is common, large vertical and lateral shears of the Gulf Stream play a central role in determination of the modes of active mixing. Evidence is presented that low static stability and large vertical shear can combine to cause slantwise convection/symmetric instabilities, while the large anticyclonic shears to the south of the Gulf Stream core can cause low absolute vorticity and precondition the Ertel potential vorticity to be small and more susceptible to instabilities. The area of active mixing driven by surface forcing in the presences of shear occupies a swath 50-90km wide immediately south of the Gulf Stream core at the northern edge of the Sargasso Sea 1
Introduction
The SubTropical Mode Water of the North Atlantic Ocean is called Eighteen Degree Water (EDW, Worthington 1959) . Mode Waters are characterized by low potential vorticity (PV) or thick layers of low stability. The traditional view of EDW formation is that it is a 1-D process, isolated from the Gulf Stream with buoyancy extraction from seasonal thermocline waters, uncovering the pre-existing reservoir of EDW (Warren 1972) . Using historical hydrographic data, Kwon and Riser (2004) showed that the deepest wintertime mixed layers (MLs) of EDW were found immediately south of the GS, and the distribution of MLs was spatially variable along the GS axis. Our hypothesis is that substantial EDW formation is found within the anticyclonic flow of the Gulf Stream (GS), in the extreme north of the Sargasso Sea, and that vertical and lateral shears associated with the GS make this formation process decidedly non 1-D. This suggests a GS involvement in the formation; how this is achieved is what we hope to present in this report.
The measurements were taken during the winter of 2007 aboard the R/V Knorr as part of the CLIMODE program (The Climode Group submitted). Our primary data were collected with a SeaSoar system in which a winged, flyable, underwater unit was outfitted with dual SeaBird temperature & conductivity probes, and combined with a dissolved oxygen sensor, fluorometer, and a pressure sensor. The SeaSoar fish was at the end of 1000m of cable of which 550m were faired. On the cruise, the SeasSoar successfully 'flew' between 30m and 450m as it was towed behind the vessel at speeds of 3-4 m/s. Prior to averaging over 1 second intervals, the temperature data were lagged to be in phase with conductivity and further adjustments were made using laboratory calibrations of the sensors with final corrections made against shipboard CTD/bottle data (http://science.whoi.edu/users/seasoar/climode/web/proc_summary.txt). The undulating SeaSoar data were then spatially gridded using a Gaussian weighting with a spatial smoothing scale of (1 km) 2 in along-track distance and (5 m) 2 in the vertical. A 75 kHz Ocean Surveyor ADCP system mounted in the hull of vessel was configured to produce ensemble averages of subsurface currents with a resolution of 5 minutes (ca. 1.2 km along-track during SeaSoar operations) and 16m in the vertical. ADCP data were collected with UHDAS provided by the University of Hawaii and ship's gyro data corrected using a POS/MV (a 3-axis position and orientation measurement system). The two data sets (SeaSoar & ADCP) were aligned in the along-track direction by lagging the ADCP records using a constant time offset of 2.5 min (ca.
450-600m) relative to the SeaSoar data.
The location of the Seasoar data used here is at the eastern end of the study area from near the end of leg1 on the Knorr ( Figure 1 ). During its progression downstream in February, the seasonal stratification above the EDW was eroded by strong air-sea exchange, and the new vintage of EDW began to form (The CLIMODE Group, supplementary Figure S1 ). The surface outcrop of the EDW layer is given roughly by the area between the 17.5 and 18.5 o C isotherms and, according to the figure, had opened up into a broad area just at the point in which our SeaSoar measurements were made. Our measurements immediately followed a cold air outbreak over the region with peak heat fluxes of 1000 w/m 2 on 20 Febuary (J. Edson, personal comm.. 2008). All of our sections are plotted using a stream coordinate system in which the origin is at the location of the maximum vertically-averaged current and oriented so that the cross-stream direction is normal to the flow and oriented towards the warm side of the front.
Results
Because low PV is an essential property of Mode Waters, it will be convenient to express the vorticity field near the Gulf Stream in terms of a 2-D Ertel Potential Vorticity, EPV Analysis of regions of negative EPV [ Figure S2 ] shows that the actively mixing regions occupy a dominant density class of 26.5 kg/m 3 , which is newly-forming EDW. In physical space, this new EDW is found nearly everywhere on the section (Fig. 3, lower left) above the strongly-sloping 26.6 isopycnal. Mode water found below this surface in the density range 26.6:26.7 kg/m 3 is being exported from the cold side of the front. We diagnose the contribution of the different terms in the EPV starting with the stratification, T 1 , and then adding the effect of vertical shear (T 4 ) and then lateral shear (T 2 ). For this particular `section, there are few regions of negative EPV that are solely due to density inversions (<5%), but inclusion of vertical shear accounts for most (>90%). Generally, the lateral shear term, T 2 , is significant in regions of large anticyclonic vorticity, and the remaining term T 3 accounts for little on this section. The coincidence of low EPV, constant potential density and high fluorescence/oxygen following the sloping 26. 46 & 26.48 isopycals (dashed, Fig. 3) downward from the surface at x c ~ 51km, where Ri g ~1, is an oceanic example of slantwise convection/symmetric instability. In the supplementary material [ Figure S3 ] we show the absolute momentum surfaces for this section, which also parallel these other indicators of descending, recently-ventilated fluid at this site. While not as clearly-resolved as what has been observed in the atmosphere (e.g., Emanuel, 1988) , we believe this is a graphic example of slantwise convection/symmetric instability in the ocean. A similar feature at x c ~ 27km is also present but is not as graphically isolated.
Discussion
First evidence for the role of vertical and lateral shear in defining occurrence of low EPV in the ocean (Hua et al. 1997) was made for the equatorial band, where the existence of low EPV was assured without strong surface forcing. There the northward component of the Coriolis parameter played an important role in balancing vertical shear for depths below the thermocline. We have retained this term in our analysis, but generally, it is of little significance compared with the other terms in (1). Slantwise convection was speculated to be active in the Labrador Sea (Straneo, Kawase and Riser 2002) , but no observational evidence in the region has yet emerged. Here we show that in the upper ocean near the GS, term T 4 can play an important contribution at reducing the EPV. Another mid-latitude front where this has been seen is the subpolar front of the Japan/East Sea where regions with negative EPV yet stable stratification were found (Thomas and Lee 2005) . Both our observations and those at the subpolar front of the Japan/East Sea were made during and after cold air outbreaks characterized by intense heat loss and strong wind-stress (Lee et al. 2006) , suggesting that the low EPV water observed at the fronts was a consequence of the atmospheric forcing experienced at the fronts. It is not surprising that heat loss can generate low EPV water but wind-driven frictional forces can also reduce the EPV if the winds have a component directed along the frontal jet (Thomas 2005) . Both of these effects are likely to have influenced the formation of the low EPV water that we observed in the GS.
Ertel Potential Vorticity (EPV) is a dynamical variable which more clearly documents formation/ventilation of EDW than planetary potential vorticity, 2 fN . We associate recently formed EDW with waters with near zero or negative values of the EPV that lie in the EDW density class. Fluid with negative EPV is expected to be unstable to gravitational, symmetric, or inertial instability owing to the effects of static instability, large vertical shears, and large lateral shears, respectively (Hoskins 1974, Haine and Marshall 1998) . We expect that all three processes are active in the GS during EDW formation. Numerical simulations of ocean fronts forced by winds that develop frontal flow with negative EPV show that this mixing process is effective at exchanging water from the near surface with water from the pycnocline (Thomas 2005 , Thomas 2008 ). In our observations of the GS, the use of low EPV water as an indicator 
